CrN/Cr-based films were deposited using PVD-arc technique onto Co-cemented tungsten carbide (WC-Co) substrates and, then, seeded with diamond powder suspension or mechanically treated by Fluidized Bed Peening (FBP) of brittle diamond powders. Multilayered coatings were obtained from the superimposition of 4 µm-thick diamond coatings, deposited on the PVD interlayer using hot filament chemical vapour deposition (HFCVD). The effectiveness of fluidized bed peened CrN/Cr interlayers on the adhesion enhancement of diamond on WC-Co substrates was studied and compared to diamond coated WC-Co substrates with unpeened CrN/Cr or CrN interlayers, or pre-treated with two-step chemical etching (Murakami's reagent and Caro's acid, MC-treatment).
Introduction
Highly stressed components such as high performance cutting tools for heavy duty machining industry demand, in the development and concept phase, an optimal assessment of material, manufacturing process and design, based on tools enduse and actual loading conditions. The material surface always plays a crucial role in the manufacture of high performance cutting tools, as wear or, even worse, macroscopic damages usually starts at the surface caused by the removal or displacement of material by the mechanical action of the lubricated (or not) contacting interface between tool and workpiece.
In general, high performance materials for cutting tools have to accomplish several requirements: i) satisfy the static and dynamic loading requirements; ii) satisfy the requirements in respect to wear; iii) allow easy manufacturing and processing. Such a material that has to fulfil all these demands can, in most case, only be manufactured by material combination or through composite design. Co-cemented tungsten carbide (WC-Co) responds to most of the mentioned requirements and is widely used in the machining, mining and stone cutting industry. However, WC-Co cutting tools are found to wear rapidly at any time the machining of some particular materials such as green ceramics, graphite or metal matrix composite is performed. In this respect, the application of surface overlay coatings to enhance the overall machining effectiveness of WC-Co by reducing the tools down-time, increasing the cutting productivity and improving the quality of the machined surface are becoming more and more attractive.
Diamond films grown by Chemical Vapour Deposition (CVD) are widely used as surface overlay coatings onto WC-Co cutting tools to improve their wear endurance, thus providing enhanced surface hardness, large thermal conductivity, reduced friction and better corrosion protection, as well. However, diamond-coated tools are useless in case of low adhesion of the surface overlay coating with the underlying substrate. In particular, CVD of adherent diamond films onto WC-Co tools can be very critical if any efforts to minimize the presence of surface cobalt are not produced. In fact, during the initial steps of high temperature diamond deposition process, the leakage of cobalt from the Co-cemented carbide catalyzes the formation of interfacial sp 2 -carbon [1] . This weak graphitic layer at the interface results in poor adhesion between the diamond coating and the substrate [2] [3] [4] [5] . What is more, at typical diamond CVD temperatures (650-950°C), carbon is soluble in Co up to 0.2-0.3 wt.% C [6] . Accordingly, diffusion of carbon from the deposited diamond phase into the metal binder may occur in typical CVD growth conditions [7] . Consequently, widespread voids can form at the diamond/substrate interface, thus reducing the interfacial contact area and, consequently, the adhesion strength. Therefore, the deposit of adherent diamond coatings onto WC-Co tools can be effectively performed only after the removal of the surface cobalt.
Several procedures can be distinguished whereby the untreated WC-Co substrates material can be improved: i) the removal of the Co-binder phase from the substrate surface with aqueous solutions of either strong oxy-acids or hydrochloric acid [8] [9] [10] [11] [12] [13] [14] [15] ; ii) the use of interlayer materials as carbon and cobalt diffusion barrier to suppress interactions of Co with the hydrocarbon radicals rich gas phase in the CVD atmosphere during deposition and, afterwards, with the deposited diamond [13, [16] [17] [18] [19] [20] [21] [22] [23] ; iii) the use of interlayer materials with intermediate thermal expansion coefficient between WC-Co and diamond to relieve the residual thermal stresses [13, [19] [20] [21] [22] [23] ; iv) the heat treatment of as-ground WC-Co to modify the substrate surface morphology and reduce surface Co concentration by decarburization of the external layers of the tungsten carbide, resulting in the formation of an outermost layer of metallic tungsten [24] or the re-sintering of WC-Co substrates in a protective atmosphere [25] ; v) the micro-roughening of WC-Co surface morphology by selective attack of the tungsten carbide with Murakami's reagent (K 3 Fe(CN) 6 : KOH: H 2 O = 1: 1: 10) [26] or by multiple laser pulses having irradiation densities ranging from 3.0 to 6.0 J/cm 2 [27] , with both techniques requiring a further step in which surface Co is chemically etched.
More recently, new procedures based on the use of interlayers and/or mechanical pre-treatments of the WC-Co substrates have been proposed to improve the adhesion between WC-Co and CVD diamond [28] [29] [30] : i) the use of PVD-arc CrN coatings as effective interlayers [28] ; ii) the micro-roughening of the WC-Co surface morphology by peening at moderate pressure with a fluidized bed of brittle diamond powders joined with the chemical dissolution of surface Co [29] ; iii) the microroughening of CrN/Cr coated WC-Co substrates at moderate pressure with sand blasting equipment, whereas unpeened CrN/ Cr interlayers exhibited inadequate adhesion levels of the superimposed diamond films [30] . Nonetheless, comparative evaluations among the latest pre-treatments used to improve the adhesion of diamond coatings onto WC-Co substrates do still miss. Therefore, establish a ranking among the different procedures would be a crucial issue to overcome in order to better support tools manufacturers in their operative choices.
In this respect, the present study deals with the analysis of CrN/Cr diffusion barrier interlayers deposited onto WC-Co slabs and FB peened by brittle diamond powders prior to diamond CVD. The proposed pre-treatment was compared with the use of unpeened CrN/Cr interlayer, as well as with the wellestablished two-step chemical etching with Murakami's reagent and Caro's acid [26] and the effective CrN interlayer deposited by PVD-arc technique [28] .
FBP of the CrN/Cr interlayer deposited onto WC-Co slabs was found to micro-roughen the ductile outermost Cr-layer as result of the repeated micro-impacts on it of the diamond powders. The impacts also generated small diamond debris, which were in part retained inside the ductile Cr-layer (i.e., embedding phenomenon [28] ), thus providing anchors for the following CVD diamond coating. This way, a significant improvement of the adhesion between the diamond film and the underlying layers was promoted by FBP, whereas unpeened CrN/Cr interlayer onto WC-Co substrate led to the almost spontaneous delamination of the diamond film after CVD.
To the contrary, the application of CrN interlayer material and the micro-roughening of WC-Co surface by selective attack of WC with Murakami's reagent followed by chemical dissolution of Co-phase did lead to better adhesion and wear resistance of the CVD diamond film than the use of FB peened CrN/Cr interlayer.
Experimental

Materials
10 × 10 × 3 mm 3 WC-5.8 wt.% Co as-ground samples (supplied by Fabbrica Italiana Leghe Metalliche Sinterizzate SpA, Anzola d'Ossola, VB, Italy) were used as substrates. The average grain size of the hard metal substrates was 1 µm, Rockwell A hardness was 90.0 HRA and transverse rupture strength (TRS, according to ISO 3327) was 2900 MPa.
Substrate pre-treatments
PVD-interlayer material
Films of CrN (thickness 7 µm) or CrN/Cr (overall thickness 4 µm) were deposited onto the WC-Co samples using a PVDarc plant (Microcoat S.p.A., Italy). During the initial stages of PVD deposition, a thin metallic Cr layer (≤ 200 nm) was deposited on the WC-Co substrates. The CrN/Cr interlayer can be defined as a sort of graded coating. In fact, the bi-layer CrN/Cr was achieved by progressively decreasing the nitrogen concentration inside the deposition chamber from 100% to 0% of the gas phase, and increasing the argon concentration. This way, the resulting CrN layer is progressively poorer in nitrogen going towards the outermost layers. However, when the nitrogen is completely replaced by the argon in the gas phase, a resulting layer of metallic-Cr is superimposed on the underlying graded CrN layer.
Fluidized Bed Peening (FBP)
A recirculating FB, 40 × 40 mm 2 as cross section and 100 mm as static bed height, of diamond powder (mesh size 120, factor shape 0.67, supplied by Poligem Srl, Italy), working in transport regime (pressure 2 bar), was used as alterative technique to prepare the WC-Co substrates before CVD (Fig. 1) . FBP presents significant advantages compared to conventional shot peening as it allows uniform treatments on large surfaces, use of lower operational pressure and longerlasting media, potential for self-regeneration of the diamond media, continuous and easy-to-automate treatments, relatively reduced cost and processing time, low environmental impact and operational safety [31] [32] .
Details of the experimental apparatus are elsewhere reported [28] . Here, it is worth remarking that the employed experimental apparatus consists of: i) a fluidization column, 1.2 m long and 2.5 mm thick, made from AISI 304 stainless steel and equipped with glass portholes for inspection; ii) a rotary screw compressor Quincy model QGB 15 maximum powder 15 kW, flow rate 0-130 m 3 /h, pressure ranging 0-10 bar used to feed purified air lacking in moisture and oil to the fluidized bed unit; iii) flowmeters, pressure probes, hygrometers and thermocouples to monitor the process and ensure the stability of the fluidization regime.
FBP is based on the fundamental principle of the powder fluidization [29, 31] : in this respect, when enough flow rate is supplied to the fluidization column, the diamond powders become individually suspended in the air flow, while on the whole the bed of powder remains motionless relative to the column walls. As the velocity of the gas flowing across the bed is slowly increased, the heterogeneous character of the bed first reaches its peak and then gradually changes. As the transport velocity is approached, a sharp increase of powder carry-over occurs. The dust collection and solid recycle system of the fluidized bed apparatus ( Fig. 1 ) avoids the dispersion into the environment of the elutriated powders, and, this way, a relatively large solid concentration, typical of the fluidized bed in transport regime, can be retained in the fluidization column.
FBP of the CrN/Cr coated WC-Co substrates was performed by entirely dipping them inside the fluidized diamond powders. The substrates were held on the shaft of a direct current electric motor and, being rotated at low speed (i.e., 60 rpm), they were exposed to the repeated impacts of incoming diamond powders (Fig. 1) . The assessment of the optimal fluidized bed parameters was achieved by studying the influence of the processing time and pressure on the surface morphology of the outermost metallic Cr layer. Table 1 summarizes the scheduling of the stages involved during the preparation of the as-ground WC-Co before diamond film deposition in order to enhance diamond nucleation, to suppress the deleterious effects of the binder and to increase the contact area at the interface. Following each pre-treatment, the substrates were washed with acetone and de-ionized water in an ultrasonic vessel.
Substrates pre-treatments
Four different scenarios were investigated. As-ground WC-Co substrates were PVD-coated with CrN (Scenario 1, interlayer thickness 7 µm) and CrN/Cr bi-layer (Scenarios 2 and 3, overall thickness 4 µm). CrN/Cr coated WC-Co substrates (Scenario 3) were then submitted to FBP for 30 s at 2 bar. One more as-ground WC-Co substrate was submitted to two-step chemical etching (MC treatment, Scenario 4). MC is a well-known two-step chemical pre-treatment [26] . Accordingly, the as-ground WC-Co substrate was first etched for 15 min with Murakami's reagent (10 g K 3 [Fe(CN) 6 ] + 10 g KOH + 100 ml of water). Then, it was subjected to further etching with Caro's acid (3 ml 96 wt.% H 2 SO 4 + 88 ml 30% w/v H 2 O 2 ) for 10 s. Prior to diamond deposition, all substrates but the FB peened ones were ultrasonically seeded for 15 min in a 1/4 µm diamond suspension (50 ct/l in absolute ethanol), followed by ultrasonic cleaning in ethanol.
Chemical vapour deposition
Diamond syntheses were performed in a stainless steel hotfilament chemical vapour deposition (HFCVD) chamber elsewhere described [12] . The gas phase, a mixture of hydrogen and methane with a CH 4 /H 2 volume ratio fixed to 1.0%, was activated by a tantalum filament (0.3 mm in diameter) wound in a 1.4 mm internal diameter spiral and positioned at 8 mm from the substrate surface. The filament temperature (2100 ± 50°C) was monitored by a two-colour pyrometer (Land Infrared model RP 12). The total pressure of the gas mixture in the reactor was 4.8 kPa and flow rate 300 standard cm 3 min − 1 (sccm). The substrate was placed on a molybdenum ribbon shaped into a rectangular crucible. The substrate temperature (650°C) was monitored by a Pt/Pt-10%Rh thermocouple pressed against this ribbon at the centre of the sample. Deposition rate, under these CVD conditions, was around 0.5 µm/h. Deposition time was set at 8 h.
Characterization tests
PVD interlayers were characterized before and after diamond deposition by θ/2θ and grazing incidence (ω = 1°) X-Ray Diffraction (XRD) with a Philips X'Pert Pro diffractometer, equipped with a plane mono-chromator using Cu Kα radiation (λ = 1.5418 Å). PVD and CVD films surfaces were observed by Field Emission Gun Scanning Electron Microscopy (FEG- The 3D morphology of the PVD and CVD coatings was obtained with a Taylor Hobson Surface Topography System model TalySurf CLI 2000 using the non-contact 300 μm Chromatic Aberration Length (CLA) HE gauge. In comparison to conventional systems, the CLA HE gauge offers superior imaging capability with improved resolution (10 nm and 0.4 μm as vertical and lateral maximum resolution, respectively). Scanning in three dimensions can be performed and the absence of contact between the gauge and the surface being measured ensures the avoidance of any damages to the surface being measured. For the CLA profiler, the samples were located under the gauge and viewed optically, using the high resolution camera built into the Surface Topography System. This enabled the choice of the measurement area and the rough focusing of the gauge. Using the CLA HE scanning mode, a number of patterns (1000), each 4 mm long, was recorded for each sample so as to cover a representative area (16 mm 2 ) of the entire surface structure. The surface morphology was then examined by using the TalyMap software Release 3.1. As a characteristic of the coatings morphology, standard amplitude, spacing and hybrid parameters for both waviness and roughness profiles (Gaussian filter) were considered.
Dry 'rolling contact' tribological tests were performed by means of an 'ad hoc equipped' static test machine MTS model alliance RT/50 at room temperature to check the diamond film adhesion. Coated samples, kept in a fixed position, were tested at 40 N maximum load (rotating speed: 600 rpm, duration: 30 min) using a WC-9 wt.% Co ball (6 mm diameter). Wear resistance of diamond coatings was assessed by using the non contact
Results and discussion
Morphology of the WC-Co substrates after the pre-treatments
Details of the use of CrN interlayers for the deposition of well-adhered diamond films onto WC-Co substrates are reported elsewhere [28] . Here, it is worth remarking that the morphology of the CrN film is characterized by the presence of widespread droplets, which seldom are larger than 5-6 μm (Fig. 2a) . Details of the smooth zones between the droplets and of the seeds left at the substrate surface after the treatment with diamond suspension are reported in Fig. 2b and c, respectively. The morphology of the CrN/Cr interlayer is reported in Fig. 3 . The presence of a few of small globules dispersed on the surface and the fine-grained structure of the outermost metallic Cr layer are clearly detectable in panels a and b, respectively. Fig. 3c shows the same sample after treatment with diamond suspension, with diamond seeds randomly dispersed all over the interested surface.
FBP treatment of the smooth CrN/Cr film caused the microroughening of the ductile metallic-Cr layer (Fig. 4) , thus altering the starting film morphology. The evolution of the surface features was very fast. In fact, FB treatments 30 and 60 s long led to very similar visual appearance of the exposed zones ( Fig. 4b  and d) . Fig. 5 reports a sketch of the inferred mechanism with the two types of impact: i) the sliding, typical of high impact speed and angle; and ii) the rolling, typical of low impact speed or angle. Both mechanisms cause the release of most of the incoming diamond powders kinetic energy, which acting as selfregenerating micro-tools tend to effectively machine the metallic Cr layer, thus removing (i.e., micro-cutting) or just displacing (i.e., micro-ploughing) the peened material. The action of the micro-ploughing on the metallic-Cr surface morphology can be easily detected from the examination of the FB peened samples in Fig. 4b-d. A case of material removal by sliding was emphasized on the sample FB peened for 30 s in Fig. 4b .
The impact of the brittle diamond powders on the ductile metallic Cr layer during FBP can also cause their splinter fragmentation and subsequent embedding of diamond debris in the softer metallic-Cr layer. The presence of diamond debris can be noted on the sample FB peened for just 10 s in Fig. 4c , where the surface morphology, not too much modified yet, allows their easy detection. Such 'self-induced' seeding, typical of FBP, can promote the nucleation process during the initial stages of CVD [29] and results in a strong mechanical interlocking between the overlay diamond film and the underlying substrate. Accordingly, the time-and cost-consuming treatment of the substrates with diamond suspension can be avoided. Fig. 6a shows the surface morphology of the WC-Co substrate after MC pretreatment. The selective attack to the WC grain of the Murakami's reagent, followed by the surface-Co chemical dissolution by Caro's acid, caused a significant roughening of the WC-Co substrate surface. Fig. 6b shows the same sample after treatment with diamond suspension, with diamond seeds randomly dispersed all over the interested surface. Fig. 7 shows SEM micrographs of diamond coatings deposited onto WC-Co substrates after the different pretreatments. The presence of droplets due to the PVD-arc CrN/ Cr and CrN interlayers is still perceptible in Fig. 7a and c. However, after 8 h CVD, the resulting thicknesses of the diamond films were around 4 μm, thick enough to include part of the droplets.
Morphology of the WC-Co substrates after CVD
Diamond coated CrN/Cr interlayers subjected only to seeding prior to CVD were occasionally found to be susceptible of spontaneous delamination of the diamond film on cooling from deposition temperature to room temperature. Fig. 8 shows an image of a full delamination of the diamond coating with a detail showing the carburized contact surface between the underlying interlayer and diamond film (Fig. 8b) . After FBP treatment of the CrN/Cr interlayers, a rougher morphology of the overlaying diamond film should be expected as result of the induced uniform micro-corrugation. By other side, the preferential impacts of the incoming diamond powders on the sticking out droplets should make their removal easier. The resulting surface morphology of the diamond film onto the FB peened CrN/Cr interlayer is mostly smooth and not characterized by the presence of the spiky diamond coated droplets (Fig. 7b) . Even after MC treatments, a rougher morphology of the diamond films should be expected, being such procedure found able to induce a marked micro-corrugation of the starting surface morphology of the WC-Co substrate [26] . Nonetheless, the roughness parameters in Fig. 9 show that smaller values of amplitude and hybrid parameters characterize the diamond films grown onto WC-Co substrates after the MC and FBP treatments if compared with diamond films grown onto unpeened Cr-based interlayers. This is essentially ascribable to the absence of the spiky droplets, which tend to significantly influence the values of the roughness parameters of the diamond coated unpeened CrN and CrN/Cr interlayers.
The examination of the roughness parameters in Fig. 9 leads to the following further results: i) the diamond films grown onto unpeened Cr-based interlayers (Scenarios 1 and 2) are characterized by rough (R a ∼ 0.42-0.44 and R z ∼ 3.36-3.39 μm, respectively) and spiky surfaces (R Δq ∼ 8.9°and R Ku ∼ 4.7-6.5, respectively) due to the presence of the droplets, with the 'bulk of material' below the mean line (R Sk ∼ 0.93-1.26, respectively); ii) the diamond films grown onto FB peened CrN/Cr interlayer (Scenario 3) presents lower values of the amplitude parameters (R a ∼ 0.25 and R z ∼ 2.1 μm), yet again with spiky surface (R Δq ∼ 6.9°and R Ku ∼ 5.9) due to the heavy FB machining of the ductile metallic-Cr layer and 'bulk of material' below the mean line (R Sk ∼ 0.79); iii) the diamond film grown onto MC treated WC-Co (Scenario 4) presents the lowest values of the amplitude parameters (R a ∼ 0.21 µm and R z ∼ 1.54 μm, respectively) and bumpy surfaces (R Δq ∼ 6.4°and R Ku ∼ 3.27, respectively) due to the local action of the treatment onto the WC-Co grains, with the 'bulk of material' about the mean line (R Sk ∼ 0); iv) the lower mean spacing between profile peaks at the mean line shown by the diamond films grown onto FB peened CrN/Cr interlayer and MC treated WC-Co substrate (R Sm = 0.22-27 mm) if compared with the diamond films grown onto unpeened Cr-based interlayers (R Sm range 0.36-0.39 mm) witnesses the higher number of peak per unit of length for the substrates deposited under the Scenarios 3 and 4, that is, their uniform micro-corrugated morphology. To the contrary, the last statement confirms how the spiky surfaces, typical of the diamond films grown onto unpeened Cr-based interlayers, result from the superimposition of almost isolated and, occasionally, very large morphological features such as the PVD-induced droplets on an almost flat base morphology. Fig. 10 shows the cross section of the diamond coated CrN-Cr interlayer on the WC-Co substrate. As result of the peculiar settings of PVD operational parameters (Section 2.2.1), there is no a well definite interface between the CrN and Cr layers, giving rise to a sort of graded coating. The PVD interlayer becomes progressively poorer in nitrogen concentration moving away from the WC-Co substrate. Finally, the outermost layers of the PVD CrN/Cr coating consist of pure metallic Cr, where the CVD diamond film is subsequently anchored. Fig. 11 reports the θ/2θ and grazing incidence (ω = 1°) X-ray diffraction patterns of the CrN/Cr interlayer before and after CVD deposition. Before CVD deposition, sharp peaks of WC, metallic Cr and the broad CrN (220) peak were detectable in the θ/2θ XRD pattern. The grazing incidence XRD pattern showed intense and rather sharp Cr peaks, thus confirming that the outermost layer of the PVD film was composed of metallic chromium.
Analysis of the CrN-Cr interlayers
After CVD, sharp and intense (111) and (220) diamond peaks were present. However, major changes in the interlayer occurred. Metallic Cr peaks were not easily detectable and sharp CrN and Cr 2 N peaks in θ/2θ XRD pattern were present in addition to very low intensity Cr 3 C 2 peaks. Grazing incidence XRD pattern showed Cr 2 N peaks and slightly more intense Cr 3 C 2 peaks. These results suggest that recrystallization of CrN as well as reactions of Cr with CrN, to form Cr 2 N, and carbon species from the gas phase, to form Cr 3 C 2 , took place. The formation of Cr 2 N in diamond coated CrN/Cr PVD films onto WC-Co was the main difference in chemical composition of CrN/Cr and CrN interlayers after diamond CVD. In fact, recent data from our lab and published in the relevant literature [28] did not show the presence of relevant Cr 2 N peaks in diamond coated WC-Co substrates using CrN interlayers deposited by the same PVD-arc technique here employed. Those data also showed that the intensity of the Cr 3 C 2 peaks, formed on CrN under diamond CVD conditions similar to the ones here employed, was equally low and comparable to the intensity of chromium carbide peaks detected in this work. This fact suggests that a Cr 3 C 2 thin layer of similar thickness was formed by reaction of C-containing gaseous precursors with either CrN/Cr or CrN interlayers during CVD. Fig. 12 reports the grazing incidence XRD patterns of the unpeened and FB peened CrN/Cr interlayer before and after CVD deposition. The comparison of the XRD patterns of the substrates before CVD shows that FBP induced a significant broadening of metallic Cr diffraction peaks, which can be explained by stress induced defects, namely cracking and plastic deformation, caused by the effective machining process [29] . However, FBP of the CrN/Cr interlayer did not influence its modifications occurring during CVD. In fact, the grazing incidence XRD patterns of both unpeened and FB peened samples subjected to 8 h CVD showed sharp Cr 2 N and low intensity Cr 3 C 2 peaks, and no detectable Cr peaks. Fig. 13 shows the 3D-profilometry of the diamond coated samples after the tribological tests. Despite their spiky surface morphology, diamond coatings grown onto unpeened CrN/Cr interlayer did not withstand the prescribed tribological tests. The first contact of the WC-Co spherical pin on the diamond coatings that remained apparently adherent to the substrate after CVD was always found to cause immediate catastrophic failure (Fig. 13a) , that is a sudden delamination of the coating over an extended area. To the contrary, diamond coatings grown onto FB peened CrN/Cr interlayers showed good wear performance. Tribological tests at 20 N load did not leave any damage on the sample surface (Fig. 13b) . Tribological tests executed with 30 N and 40 N loads produced a slight (∼ 0.1 mm 2 groove surface, ∼768,000 μm 3 groove volume) and a quite large groove (∼0.53 mm 2 groove surface, ∼ 1,538,000 μm 3 groove volume), respectively. However, the diamond coatings did not undergo catastrophic failure (Fig. 13c and d) . The aforementioned experimental findings state the effectiveness of FBP as preparation technique of the CrN/Cr interlayers before CVD, whilst, in the past, only the machining capability of FBP on bare WC-Co substrate prior to CVD to improve diamond adhesion was ascertained [29] .
Tribological tests
In particular, the best behaviour of the FBP samples has to be ascribed to the micro-corrugation joined with the spiky surface morphology induced by FBP onto the ductile metallic Cr layer. This time, the micro-corrugation of the CrN/Cr interlayer and the subsequent increase of contact surface between the diamond film and the underlying layers was due to the material removal and/or displacement produced by the impact of the diamond powders during FBP. This morphology is, therefore, quite different from that typical of the unpeened CrN/Cr, whose spikiness is just induced by weakly adhered and sparse large droplets.
The improvement of wear behaviour of diamond coating grown onto peened CrN/Cr interlayer is in agreement with the recent findings by Kumar et al. [30] . They found that the shot peening of Cr/CrN/Cr interlayers did allow to increase the adhesion of the diamond films on WC-Co with respect to unpeened Cr/CrN/Cr. Nonetheless, they missed to compare their coatings with diamond coatings deposited on CrN interlayers or on state-of-art substrates like WC-Co after MC treatment. Indeed, diamond coatings grown onto unpeened CrN interlayers as well as onto WC-Co after MC treatment were found to exhibit the best overall behaviour, with no damages being induced from the tribological tests, even at 40 N load ( Fig. 13e and f) . Diamond coatings grown onto unpeened CrN interlayer tended to retain some material from the WC-Co pin. This may be more likely ascribable to the spiky morphology of such samples due to the presence of large diamond coated droplets on it. Anyway, CrN interlayers were confirmed to be an optimum intermediate layer to increase the wear performance of overlaying diamond coatings, in agreement with what reported in the literature [28] .
The large difference in diamond adhesion on unpeened CrN and CrN/Cr interlayers is rather difficult to explain. Their morphologies were found to be quite similar. Moreover, EDS analyses of the delaminated areas of unpeened CrN/Cr substrates did not show any detectable Co. Therefore, the different performance between the two coatings should not be attributable neither to the starting surface morphology of the interlayers nor to the different capabilities of the two PVD coatings as Co diffusion barrier. In the light of previous observations, the different behaviour between the two coatings could be more likely ascribed to the formation of Cr 2 N, which was found only in the CrN/Cr interlayers after diamond CVD. Yet again, the different morphology of the chromium carbides, which are formed in CrN/Cr interlayer by reaction of metallic Cr with the activated gas phase in the CVD reactor and in CrN interlayer by reaction of CrN with the activated gas phase in the CVD reactor, can also be supposed to significantly influence adhesion performance of the overlaying diamond films. However, further studies are needed to improve the knowledge of the leading phenomena involved.
Finally, the good wear performance of the diamond coatings grown onto MC treated WC-Co substrates (Fig. 13f) can be ascribed to the effective micro-roughening the pre-treatment was able to induce onto the WC-Co substrates (Fig. 6 ). This way, very high density of micro-peaks, on which adherent diamond coatings did grow, were evenly distributed all over the WC-Co substrate, guaranteeing high overall wear performance.
Conclusion
The effect of different pre-treatments on the adhesion of diamond coatings produced by HFCVD on WC-Co substrates was investigated. It was found that the CrN/Cr PVD interlayers need a roughening treatment prior to CVD in order to achieve satisfactory levels of diamond adhesion. For this purpose a surface treatment involving a fast fluidized bed (FB) of diamond powders has been used for the first time to modify the staring surface morphology of the CrN/Cr interlayer. FB peened CrN/Cr interlayer films showed good wear resistance of the superimposed diamond films, whereas diamond films deposited on unpeened CrN/Cr interlayer films were not adherent at all. It was also found that as-deposited CrN PVD films allowed to achieve good adhesion levels and wear resistance without any need to modify their roughness even if the surface morphology was very similar to that of as-prepared CrN/Cr interlayers. Accordingly, diamond films deposited on CrN showed excellent wear behaviour characterised by the absence of measurable wear volume after the tribological tests. Diamond coatings grown directly onto WC-Co subjected to two-step chemical etching (MC treatment) showed optimal adhesion and wear resistance, as well. This result can be attributed to a very high density of micro-peaks evenly distributed all over the WC-Co substrate, which promote the growth of adherent and wear resistant diamond coatings.
In the light of experimental results, a rank among the different pre-treatments investigated can be proposed. The best procedures for WC-Co substrates were found to be the use of CrN interlayer and MC treatment. The sole seeding with diamond suspension of CrN/Cr interlayers deposited by PVD-arc technique did not permit to deposit adherent diamond films. FBP improves the capability of CrN/Cr interlayers as intermediate layer between the underlying WC-Co and the overlaying diamond films. Moreover, the diamond fragments embedded in the outermost metallic chromium layer during FBP provided suitable growth centres for diamond in the subsequent CVD process. This fact allowed to avoid a further seeding step with diamond suspension. Nonetheless, wear resistance of the resulting diamond films was found to be lower than diamond coatings grown onto CrN interlayers subjected to a conventional seeding treatment prior to CVD.
